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ABSTRACT

Geostationary Operational Environmental Satellite (GOES) sounder–derived total column water vapor
is compared with other data sources obtained during the 2002 International H2O Project (IHOP-2002) field
experiment. Specifically, GPS-derived total integrated precipitable water (GPS-IPW) and radiosonde ob-
servations (raob) data are used to assess GOES bias and standard deviation. GPS integrated water calcu-
lated from signal delay closely matches raob data, both from special sondes launched for the IHOP-2002
exercise and routine National Weather Service (NWS) soundings. After examining the average differences
between GPS and GOES product total precipitable water over the full diurnal cycle between 26 May and
15 June 2002, it was discovered that only 0000 UTC time differences were comparable to published
comparisons. Differences at other times were larger and varied by a factor of 6, increasing from 0000 to 1800
UTC, and decreasing thereafter. Reasons for this behavior are explored to a limited degree but with no
clear answers to explain the observations. It is concluded that a component of the GOES total precipitable
water error (between sonde launches) might be missed when solely assessing the data against synoptic raobs.

1. Introduction

The International H2O Project (IHOP-2002), a mul-
tiagency field experiment over the southern Great
Plains of North America from 13 May to 25 June 2002,
was undertaken to improve the characterization of wa-
ter vapor variability in time and space and the under-
standing and prediction of convection. The primary fo-
cus of the Forecast Systems Laboratory (FSL) was to
examine the ability to measure and analyze water vapor
in several preconvective environments, including con-
vective initiation, low-level jet scenarios, quantitative
precipitation forecasting, and general model forecast
comparisons. Many of these issues were discussed in a
2-day Water Vapor Intercomparison Workshop held in
Boulder, Colorado, on 2–3 October 2003 (Parsons
2002).

As a part of this exercise, FSL teamed with the Office
of Research and Applications (ORA) in the National
Environmental Satellite, Data, and Information Service
(NESDIS), and the Cooperative Institute for Meteoro-

logical Satellite Studies (CIMSS) at the University of
Wisconsin—Madison to evaluate various Geostation-
ary Operational Environmental Satellite (GOES)
sounder products. The 3 � 3 pixel-averaged version of
the three-layer experimental product (Schmit et al.
2002) has been used in FSL’s LAPS analysis and model
assimilation system for some time as an independent
measure of water vapor (Birkenheuer 1999, 2001). The
CIMSS 3 � 3 pixel-averaged product for the exercise
was derived from nominal GOES-8 data and is repre-
sentative of conventional weather service products.

This note highlights the findings of the specially pro-
duced (but following the conventional algorithm) 3 � 3
pixel-averaged GOES-8 total precipitable water (TPW)
product data compared with integrated (total atmo-
spheric column) precipitable water (IPW) vapor re-
trievals derived from GPS observations made at about
41 sites during IHOP-2002.

2. GOES product data for testing

The NESDIS/CIMSS three-layer precipitable water
product integrates GOES sounding retrievals to pro-
vide a measurement of the layer and total precipitable
water in clear and partly cloudy conditions (Schmit et
al. 2002). The product provides moisture in three
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sigma-p layers plus a total column value. For this ex-
amination, only the TPW data were used for compari-
son to GPS-IPW data derived for local zenith. The
GOES moisture product has been in existence for more
than a decade. The GOES retrieval algorithm uses ra-
diances from either a 5 � 5 or 3 � 3 set of averaged
pixels to determine both representative radiance and
cloud conditions essential for the retrieval processing.
In this experiment, 3 � 3 pixel averages (�35 km � 46
km coverage for the IHOP-2002 area) were available
from the experimental CIMSS GOES-8 product.

The 3 � 3 pixel-averaged product dataset generated
from GOES-8 at CIMSS is �2.5 times greater than the
GPS sampled volume, but this is not considered a sig-
nificant factor since GPS wet refractivity measurements
are highly correlated (Wolfe and Gutman 2000). Fur-
thermore, since microwave radiometer (MWR) and
GPS water vapor are highly correlated, any comparison
between GOES and MWR (Schmit et al. 2002) should
also be valid for a GOES–GPS comparison. The
CIMSS product used Eta model forecasts for its first
guess, and model bias could influence the final GOES
moisture product. The retrieval method acts on the a
priori or first-guess profile derived from a forecast
model and modifies it to match the radiance data in the
retrieval processing.

The GOES data were available twice per hour to
coincide with the Local Analysis and Prediction System
(LAPS) 30-min cycles beginning at 20 and 50 min past
each hour over both 12- and 4-km analysis domains.
Each cycle represented the data available up to the
prior 20-min time. More important for this study, how-
ever, was that the GOES data files contained a precise
time for each computed moisture record in the file for
a specific GOES scan. This true scan time was used
when pairing the data with the GPS information.

3. GPS water vapor measurements

Integrated precipitable water vapor can be retrieved
with arbitrary temporal resolution from tropospheric
signal delays estimated by ground-based GPS receivers
using the technique described in Bevis et al. (1992),
Duan et al. (1996), and Fang and Bock (1998). The
zenith tropospheric delay (ZTD) or the total excess
signal delay caused by the constituents of the lower
atmosphere, primarily the troposphere directly over the
site, is defined as

ZTD � �n�s� ds, �1�

where n(s) is the index of refraction along the line-of-
sight signal path from the GPS antenna to the satellite.

The tropospheric signal delay is estimated by first form-
ing an “ionospheric free” carrier phase observation
(�IF) to eliminate the impact of the dispersive iono-
sphere,

�IF � �L1 �
fL2

fL1
�L2, �2�

where fL1 � 1575.42 MHz, fL2 � 1227.60 MHz, and �
denotes carrier phase. A “double difference” (DD) is
then formed to remove receiver and satellite clock bi-
ases, as illustrated in Fig. 1.

The refractivity of the neutral (i.e., nondispersive)
atmosphere is dominated by a dry (or hydrostatic) com-
ponent caused by the total mass of the atmosphere, and
a wet component caused by the dipole moments of the
water vapor molecules along the paths of the GPS radio
signals (Smith and Weintraub 1953):

N � 77.6
Pd

T
� 70.4

P�

T
� 3.739

P�

T2 , �3�

where N is total refractivity [(n � 1) � 106], n is the
index of refraction, Pd is atmospheric pressure (hPa), P	

is water vapor pressure (hPa), and T is temperature.
In terms of the relative contributions of the wet and

dry refractivity terms to the total signal delay, the hy-
drostatic component contributes about 90%–95%, and
the wet term contributes 5%–10% in exactly the same
proportion as the wet and dry constituents of the free
atmosphere. Because of the large time- and space-scale
variability of the hydrostatic component, and its over-
whelming contribution to the magnitude of the total
delay (but not its variability, which is dominated by the
variability of water vapor), we assume that the ob-
served signal delay depends primarily on satellite eleva-
tion (
) above the horizon. The GPS signal delay along
a single path to a satellite TD(
) is then modeled in

FIG. 1. A double difference (DD) is formed from ionospheric
free carrier phase GPS observables derived from simultaneous
observations of two satellites (k and l) by two GPS reference
stations (i and j). DD � (path A � path B) � (path C � path D).
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terms of an unknown “zenith-scaled tropospheric de-
lay” (ZTD) and known elevation-angle-dependent
mapping functions for the wet (MW) and dry (MD) de-
lays, respectively (Niell 1996):

TD��� � MD���ZTD � MW���ZTD. �4�

Since there are currently 6–10 GPS satellites at dif-
ferent elevations in view at all times, solutions for the
ZTD are overdetermined and are estimated with high
accuracy as a nuisance parameter in either a relative or
absolute sense. Duan et al. (1996) used a technique
(Mikhail 1976) whereby ZTD is estimated in an abso-
lute sense at each station in a network of continuously
operating GPS reference stations, and this is the tech-
nique currently implemented at the National Oceanic
and Atmospheric Administration (NOAA)/Forecast
Systems Laboratory (FSL) (Wolfe and Gutman 2000)
and used in this study.

In the process of scaling the GPS signal delays to the
local zenith and averaging them (usually over a period
of 30 min to reduce random measurement error), all
information about the delays along an individual line
–of sight (or slant path) are irretrievably lost. The re-
sulting measurement is actually a weighted average of
the signal delays within the field of view of the antenna:
a radius of about 11 km at midlatitudes (Wolfe and
Gutman 2000). These 30-min measurements, time
stamped at the midpoint of the interval, have much in
common with GOES TPW products or a radiosonde
moisture sounding, since they all represent a volumetric
average.

The separation of ZTD into its wet and dry compo-
nents [Eq. (3)], and retrieval of integrated TPW from
the water vapor mixing ratio (P	 /T) is carried out in a
straightforward manner as follows.

1) Calculate the zenith-scaled hydrostatic or “dry” de-
lay (ZHD) from an atmospheric pressure measure-
ment made at the orthometric height of the GPS
antenna using the Saastamoinen (1972) formulation.

2) Subtract ZHD from ZTD to derive the zenith-scaled
wet delay (ZWD).

3) Map ZWD into TPW using a transfer function (�)
defined in Eq. (5):

� �
106

�R�� k3

Tm
� k�2� , �5�

where R	 is specific gas constant for water vapor, k3 and
k�2 are gas constants at microwave frequencies (after
Smith and Weintraub 1953), and Tm is water-vapor-
weighted mean temperature of the atmosphere, where

Tm �

��P�

T � dz

��P�

T2� dz

. �6�

Several Tm estimation techniques have been pro-
posed, including the use of atmospheric models (Bevis
et al. 1994) and a best fit in space and time to global
radiosonde measurements (Ross and Rosenfeld 1997).
In this study, we used the coefficients derived from
linear regression between a large number of surface
and radiosonde observations (Bevis et al. 1992). The
estimated error in � using this approach is about 2%–
4%. By examining Eq. (5), we conclude that the dom-
inant source of water vapor retrieval error comes not
from the wet delay mapping function but from errors in
estimating ZTD as a free parameter in the solution of
the double difference equation (Jensen et al. 2002).
These errors, which are largely uncorrelated, include
GPS satellite orbit and earth rotation parameters, mis-
modeling the phase centers of the GPS antennas, errors
in calculating the position of the antenna at a site, and
noise introduced by the site environment, primarily
multipath.

Assessments of the accuracy of GPS-TPW retrievals
come from comparisons with other moisture sensing
systems in the United States and elsewhere. For the
most part, NOAA studies have been carried out at the
Department of Energy Southern Great Plains (SGP)
Atmospheric Radiation Measurement (ARM) Cloud
and Radiation Testbed (CART) Central Facility near
Lamont, Oklahoma. As seen in Fig. 2, comparisons be-
tween GPS and radiosonde-derived PW at the ARM
CART site between 1996 and 1999 reveal no long-term
bias and a standard deviation of about 2 mm PW. Com-
parisons by other institutions at facilities around the
world are fully consistent with these results (e.g., Basili
et al. 2004; Haas et al. 2001; Emardson et al. 2000;
Tregoning et al. 1998), and together they indicate that
the accuracy of GPS-TPW retrievals is comparable to
radiosonde measurements made under both opera-
tional and experimental conditions, including those en-
countered during IHOP-2002.

It should be noted that when making the compari-
sons between GPS-derived TPW and that measured by
radiosondes, most of the above references also com-
pared GPS-TPW with that measured using collocated
passive zenith-pointing microwave water vapor radiom-
eters (as did Revercomb et al. 2003 and Westwater et
al. 1998). The results in all cases were comparable to
the raob results: small average bias and comparable
(but somewhat smaller) differences. The importance of
this result is that, regardless of the observing systems
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